Abstract: We present our design, fabrication, and experimental results for very highperformance isotropic microring resonators with small radii (~ 30 μm) based on single-mode strip waveguides and transverse magnetic (TM) polarization in a fully etched lithium niobate (Z-cut) thin-film on insulator. The loss of the devices is predicted to be < 10 dB/cm, and is measured to be ~ 7 dB/cm. The measured optical responses of microring resonators exhibit an extinction of ~ 25 dB (close to critical coupling), a 3 dB optical bandwidth of 49 pm (~ 6 GHz) for all-pass structures, an extinction of ~ 10 dB for add-drop structures, and a free spectral range of ~ 5.26 nm, all of which are in excellent agreement with the design. This work is the first step towards ultra-compact and fully isotropic optical modulators in thin-film lithium niobate on insulator.
Introduction
The increasing demand for higher bandwidth in data centers and cloud-based services has inevitably led to the advancement and deployment of optical transceivers [1, 2] . Pluggable transceivers based on directly modulated vertical cavity surface emitting lasers (VCSELs) [3, 4] are currently dominating the market due to their low cost per bit solution for short-range interconnects (intra data-center). As the size of these communication intensive centers continues to grow, solutions for scalable long-range interconnect are coming into the spotlight [1, 5, 6] .
Scalability for photonics requires integration; a lesson well learned from the electronics counterpart. Long-range reach requires externally modulated lasers with high enough optical power. Therefore, photonics technologies that can readily take advantage of complementary metal oxide semiconductor (CMOS) foundries have the potential for mass volume production and breaking the cost barrier. Silicon photonics (SiPh) is hailed as the frontier of such technologies [7] [8] [9] and has been in development for at least two decades. Thanks to its high index contrast (HIC) property [10] , the core photonic functionalities such as optical routing with waveguides [11] , low propagation loss (1-3 dB/cm) [12] , power splitters and combiners [13] [14] [15] , wavelength selective filters [16, 17] , broadband Mach-Zehnder modulators [18, 19] , wavelength selective modulators [20, 21] , low-loss vertical grating couplers [22] [23] [24] and edge couplers for optical input/output are now well-established and various foundries around the world offer their own standardized process development kits (PDKs) to the public [9] .
Although SiPh holds the highest promise in terms of scalability and production cost, its certain drawbacks, such as its reliance on carrier dynamics for modulation as well as the induced excess loss, limit its adoption for niche applications where linear electro-optic modulation or strong nonlinear optical effects are highly desired. Examples include second harmonic generation [25] or transferring equi-level 4-level pulse-amplitude modulation (PAM4) electrical voltages onto optical signal which requires special electrical equalization [26, 27] or other techniques to compensate for the nonlinear electro-optic response of silicon phase shifters.
Similar to SiPh, the lithium niobate on insulator (LNOI) platform provides a high index contrast (n = 0.7) for shrinking the size of photonic structures [28] . Moreover, its linear electro-optic response and larger optical transparency window (λ = 0.35−5.2 µm) equip the LN platform with superior properties to SiPh when very high performance is demanded. Thin-film LNOI (thickness ~ 400800 nm) is the ideal choice for bringing LN into the photonics integration arena. However, because LN is a challenging material to etch, hybrid (heterogeneous) solutions [29] were initially adopted. Several types of hybrid waveguides and modulators have been proposed and demonstrated with silicon [30] [31] [32] , silicon nitride [33] , and tantalum pentoxide [34] materials. Because the optical indices of these materials are close to or higher than LN, most of the optical confinement occurs outside of LN which poses a significant detrimental effect to the electro-optic performance of such modulators. To overcome this and induce more optical confinement in LN, partially etched LN has been recently proposed to create optical waveguides as a path to realizing high-performance electro-optic traveling wave structures [35] and resonant devices [36] [37] [38] . Due to the optical anisotropy of LN [39] , the performance of the demonstrated structures based on X-cut or Ycut crystals (in-plane extraordinary axis) [40] and TE optical mode (in-plane polarization) has an inherent dependence on their orientation. This is especially pronounced for microringbased structures [37] , where their optical or electro-optic response can significantly degrade if the structures have some in-plane rotation or misplacement. This problem also exists for vertical grating couplers that have been so far demonstrated in LN platforms [41, 42] . Although hybrid Si-LN grating couplers [43] might be a solution to this problem, their fabrication is more complex and challenging. Vertical grating couplers provide several advantages including compactness and the ability to couple light from anywhere on the surface of the chip (e.g., flip-chipped VCSELs), thereby enabling rapid die/wafer testing and heterogeneous integration with light sources. Natually, the aforementioned restrictions on the orientation of grating couplers are undesirable.
In this work, we demonstrate isotropic grating couplers and isotropic low-loss microring structures by utilizing TM polarization in Z-cut LN crystal. The optical extraordinary axis is normal to the plane of the chip; hence the in-plane axes are both ordinary (with the same optical index) and no sensitivity to the device orientation occurs. Furthermore, because TM polarization has less overlap with the sidewalls than its TE counterpart, our fabricated fully etched rectangular single mode waveguides (~ 800 nm wide and 560 nm thick) exhibit low propagation loss (~ 7 dB/cm for circular waveguides). By carefully designing the optical mode and the coupling between microrings and straight waveguides we demonstrate very high resonance extinction (~ 25 dB) for a very small radius (~ 30 µm) and high Q-factor (~ 31000). The extinction for our thin-film LN microring resonators is higher than previous results in the literature, e.g., ~ 58 dB was reported in [36] , ~ 12 dB was reported in [42] , ~ 4 dB was reported in [40] , and ~ 6.5 dB was reported in [37] . Our work will pave the way for realizing ultra-compact and isotropic microring modulators with speeds of ~ 10 Gb/s in thinfilm LNOI.
Fabrication process
We fabricated devices using the process steps shown in Fig. 1 (a) . The Z-cut thin-film lithium niobate wafers (nominal thickness of 560 nm) on 2.5 µm SiO 2 on a silicon substrate were purchased from a commercial vendor (NGK Insulators, LTD.). The thickness of the buried oxide was chosen such that the leakage of optical mode into the substrate for both TE and TM polarizations is negligible. A ~ 700 nm layer of SiO2 is chosen as the hard mask for dryetching LN and deposited using standard PECVD (~ 113 nm/min). 300 nm of photoresist (PMMA) was spin coated at 2000 rpm for 1 minute and electron beam lithography (EBL) was performed on the sample. Proximity effect correction was performed using Beamer software to generate a dose table that enabled faithful patterning of the smallest feature sizes of our designs (300400 nm). A 120-nm thick chromium (Cr) layer patterned via evaporation and 
Design of microring resonators
In this section, we provide details of designing our microring resonators, including the choice of an optical waveguide for single-mode operation, choice of radius for the largest free spectral range (FSR), and the design of coupling between the ring and waveguides.
Optical mode
Unlike other demonstrated LNOI waveguides [37] that have a large cross-section and can potentially support multi-mode operation, our goal is to design single-mode waveguides. A thickness of 560 nm was chosen based on our optimization of the grating couplers, and the maximal width for single mode operation of the fully etched waveguides was determined by sweeping the width. For a thickness of 560 nm, the maximal width for single-mode operation was determined to be 1000 nm; however, we selected a design with an 800 nm width to achieve stronger coupling. Because isotropic and low-loss operation is targeted, TM polarization was chosen to minimize the overlap of the optical mode with the sidewalls, as well as enabling maximum electro-optic efficiency operation in the Z-cut crystal for our future designs. Figure 2 (a) shows the calculated TM effective index of the 800 nm × 560 nm waveguide as a function of the wavelength and Fig. 2(b) shows the group index of the mode. At = 1550 nm, the effective index is 1.736 and the group index is 2.3614. Our previous measurement of Z-cut ring resonators for TE polarization revealed the waveguide loss to be ~ 11 dB/cm [44, 45] . Therefore, a lower loss for TM polarization is expected (~ 510 dB/cm).
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Bending loss and choice of radius
In order to achieve the smallest microring resonator and hence the largest FSR, we calculated the bending loss of our waveguides. Figure 3 (a) shows the estimated bending loss (radiation loss plus the mode-mismatch loss [46] [47] [48] ) per 90° bend for both the TE and TM polarizations in our waveguide. As expected, the TM polarization shows a slightly higher loss due to its lower confinement. Because the mode-mismatch loss is not present in a fully circular ring, we extract only the radiation loss by comparing the loss of a 90° bend to the loss of a 180° bend. The result (in dB/cm unit) is plotted in Fig. 3(b) for the TM polarization. We see that 1 dB/cm loss can be achieved at a radius of 25 μm. Hence, we choose the radius to be 30 μm which results in a negligible radiation loss (~ 0.2 dB/cm).
Based on the group index and the radius, the FSR is estimated from to be ~ 5.26 nm around = 1550 nm. Such a large FSR has only been recently reported by Krasnokutska et al. in thin-film LNOI [36] albeit with rib waveguides of 500 nm in thickness.
Coupling
Based on the predicted loss of < 10 dB/cm for the TM ring resonators, we designed the coupling between the Z-cut waveguide and ring by running an FDTD simulation and sweeping the coupling gap. An analytic approach based on optical supermodes [16] was also utilized to estimate the coupling coefficients. Figure 4(a) shows the simulation results of the field cross coupling (kappa) as a function of the coupling gap at = 1550 nm. Figure 4(b) shows the cross coupling for TM polarization as a function of the wavelength for a 400 nm coupling gap (measured gap in the fabricated structures). At = 1550 nm, the field coupling is estimated to be ~ 0.19 and the power coupling is 3.6%.
All-Pass ring resonators
The spectra of the all-pass ring structures are estimated from
where 1 , is the round-trip power attenuation, and 2 is the round-trip phase accumulation inside the ring. The critical coupling condition occurs close to resonances for which √ . Figure 5 (a) shows the calculated spectrum by assuming 5 dB/cm loss inside the ring and a coupling gap of 400 nm. Figure 5(b) shows the calculated spectrum with 10 dB/cm loss. The non-equal resonance extinctions are due to the dependence of the coupling coefficient on wavelength. For 5 dB/cm loss, the critical coupling happens close to = 1550 nm, and for 10 dB/cm loss, the critical coupling takes place beyond = 1600 nm. Based on our predicted loss of < 10 dB/cm, we anticipate that this choice of the gap size (400 nm) will result in the critical coupling condition occuring in the 1500 -1600 nm wavelength range. The add-drop ring resonators are designed with equal gaps at the input and drop ports so that the structures are perfectly symmetric. This ensures that the round-trip loss and the coupling coefficients can be extracted from the drop spectrum without any ambiguity [16, 49] . The spectra of add-drop structures are calculated from
Add-drop ring resonators
[50] where and are the coupling coefficients of the input and drop ports, respectively.
Figure 6(a) shows the simulated spectra of the add-drop ring with 400-nm gaps and 5 dB/cm of loss. The extinction of the through path is ~ 10 dB and the extinction of drop path is ~ 37 dB. Figure 6 (b) shows the simulated spectra for 10 dB/cm of loss, with which the extinction of the through path is reduced to ~ 5 dB and the extinction of the drop path is ~ 33 dB.
Results and discussions
In this section, we present the fabricated structures and the measurement results as well as analysis of the acquired data to confirm the loss and coupling coefficients of the ring resonators. mounted on an XYZ stage with vacuum suction. The fabricated sample has several all-pass structures and several add-drop structures with various coupling gap sizes. A four-fiber Vgroove array with a pitch of 250 μm is used for coupling light from single-mode fibers into the grating couplers. The vertical alignment is assisted with the side mirrors, and the in-plane alignment is assisted with the alignment markers that are placed on the LN sample. The marker positions are based on the dimensions of the fiber array; see Fig. 7(b) . A continuous wave (CW) tunable laser (Santec 710 TSL) accompanied by a polarization controller (PC) is used to control the wavelength, power, and polarization of the light inside the incoming fiber. The output lights from the through path and the drop path go to photodiodes. The generated photocurrents are amplified by log-amplifier circuits and voltages are read out by a National Instrument data acquisition device (NI DAQ) and imported into LabView software. The output power of the laser is set to 10 dBm, and the sweep range is set from 1500 nm to 1600 nm. The number of samples is 50,000 which yields a resolution of 2 pm for the sweep. This sweep resolution is sufficient to easily resolve resonances with quality factors less than 50,000. The polarization controller is set such that the output power from the through path of the structures is maximized at an off-resonance wavelength.
Compact grating couplers for optical I/O
Vertical grating couplers were designed for TM polarization and fabricated to enable optical coupling to the chip. Figure 8 (a) shows the SEM image of an array of four grating couplers with a zoomed-in view of the first grating. The pitch of the grating is 1.127 m after fabrication, and the duty cycle is 50.4%. Figure 8(b) shows the coupling coefficient of the grating coupler extracted from the transmission of two back-to-back gratings. Each grating exhibits ~ 16.8 dB of loss at 1550 nm which is worse than the design due to fabrication errors that alterned the pitch and duty cycle from their design values. The 1-dB bandwidth of the fabricated gratings is > 60 nm, and the 3-dB bandwidth is > 100 nm. High coupling loss is expected from our grating couplers because they are all fully etched. Grating couplers with a partial etch exhibit better coupling coefficients [41] .
All-Pass microring resonators
The SEM image of a fabricated all-pass structure is shown in Fig. 9(a) . Two back-to-back couplers are also included to extract the coupling loss of grating couplers. Figure 9(b) shows the zoomed-in view of the ring and waveguide. Figure 9 (c) shows that the coupling gap is ~ 420 nm which is 20 nm larger than the design value (400 nm). measured at port 4. The measured spectrum is plotted in Fig. 9 (e). It is seen that the resonances of this devices show very high extinction (1525 dB) with the highest extinction (~ 25 dB) around 1530 nm. Figure 9 (f) shows a denser sweep with a sweep resolution of 0.2 pm on the two resonances with the highest extinction. The measured FSR is ~ 5.225 nm, which is slightly smaller than the design value of 5.26 nm. This reduction indicates that the width of the LN waveguides might be slightly smaller than 800 nm (estimated to be 790 nm).
Next, we proceed to extract the spectral parameters (3-dB bandwidth, Q factor, kappa, round trip loss) by matching Eq. (2) to the resonances at 1530 nm and 1535 nm, which have the highest extinction. Figure 10(a) shows the result for the resonance close to 1530 nm. The extracted 3-dB bandwidth is 0.0492 nm (~ 6 GHz) and the quality factor is 31,000. The coupling coefficient is 0.166, which is very close to the analytic prediction of 0.165 at 1530 nm for TM polarization. The extracted loss of the ring is ~ 7 dB/cm, which can be considered a reliable estimate of the loss due to the excellent match of the coupling coefficient. If we assume that this resonance is exactly at the critical coupling, the condition √ results in a Figure 10(b) shows the result of Lorentzian fitting to the resonance close to 1535 nm. The extracted bandwidth has slightly increased to 0.0528 nm (~ 6.6 GHz), and the coupling coefficient has increased to 0.171, which is in agreement with the analytic value of 0.168. As expected, the coupling coefficient increases with the wavelength. The extracted loss is ~ 7.8 dB/cm which is slightly higher than the previous resonance. We take an average value of 7.5 dB/cm as the loss of the fabricated microring resonator.
Finally, we compare the normalized measured spectrum (by removing the envelope due to the optical responses of the grating couplers) with the simulated spectrum assuming that the critical coupling occurs close to = 1530 nm. The results are plotted in Fig. 10(c) . Although the measured spectrum shows smaller extinction than the simulated one, the reduction in the extinction of resonances away from = 1530 nm on both sides agrees well with the observed behavior in the measured spectrum. Therefore, we conclude that our fully etched LNOI microring device has a good performance and operates in accordance with the design targets. 
Add-Drop microring resonator
Symmetric add-drop structures were also designed for TM polarization and fabricated to further investigate the impact of coupling on the spectral response. Because symmetric adddrop structures never reach the critical coupling condition, extraction of coupling coefficients and the round-trip loss of the ring from the drop spectrum is possible. Figure 11 (a) shows the layout of the add-drop structure with 400-nm coupling gaps at the input and drop ports. The fiber array is aligned with the four gratings and the drop and through spectra are simultaneously captured by sweeping the tunable laser with 2-pm resolution. Figure 11(b) shows the SEM image of the add-drop microring resonators with a zoomed-in image of the coupling gap between the waveguide and the ring. The coupling gap is estimated to be 405 nm, which is very close to the original design of 400 nm. Figure 11 (c) shows the captured spectrum of the through path and Fig. 11(d) shows the spectrum of the drop path. The through spectrum exhibits an extinction of ~ 10 dB while the drop spectrum has an extinction of ~ 30 dB. An extinction much less than 25 dB was expected for the through path because the allpass structure was close to the critical coupling whereas the add-drop structures include an extra coupling that sets it farther from the critical coupling operation. The measured FSR of the add-drop structure is 5.268 nm, which agrees well with the analytical estimation of 5.26 nm for the 800 nm × 560 nm waveguide.
We next proceed with matching the Lorentzian response of Eq. (3) to the measured spectrum assuming that the input coupling and drop coupling coefficients are identical. The result of the matching is shown in Figs. 12(a) and 12(b) where a good agreement is observed. The bandwidth of the drop resonance was extracted to be ~ 0.108 nm (~ 13.5 GHz) which is approximately twice the bandwidth of its all-pass counterpart (the measured ratio is ~ 2.16). This is expected because the bandwidth of the all-pass structure is given by 2 ( 4 ) and the bandwidth of the add-drop structure is given by 2 (5) where is the power attenuation inside the ring (units of cm -1 ). Therefore, setting 1.65 cm -1 (equivalent to 7 dB/cm), 0.166 (simulated coupling of the all-pass ring with a 420-nm gap), 0.2 (simulated coupling of add-drop with a 400-nm gap), and the respective measured FSR values (5.225 nm for the all-pass and 5.268 nm for the add-drop) yields a bandwidth ratio of 2.05 which again agrees well with the measured ratio. Figure 12(c) shows the spectrum of both through and drop paths indicating ~ 10 dB of extinction for the through path. This also agrees well with the plot presented in Fig. 6(a) . Figure 12 (d) shows that the relative loss of drop path compared to the through path is ~ 2 dB which is slightly better than the predicted 3 dB of loss in the simulations.
Finally, we remove the grating response envelope in the measured spectrum of the through path in Fig. 11(c) and compare it to the simulated spectrum with ~ 7 dB/cm of round-trip loss. The result is plotted in Fig. 13 , showing that the observed ~ 10 dB of extinction is expected from the simulations.
Conclusions
We designed fully isotropic (no sensitivity to in-plane orientation) microring resonators in thin-film lithium niobate (Z-cut) on insulator in the form of all-pass and add-drop structures based on fully-etched single-mode (TM polarization) strip waveguides (800 nm × 560 nm). Vertical grating couplers were also designed and fabricated on the chip to enable optical input/output. The observed loss of microring resonators was ~ 7 dB/cm with the critical coupling occurring around a coupling gap of 400 nm between the ring and waveguide. Our fabricated all-pass structures demonstrated an extinction of 25 dB (close to critical coupling), optical bandwidth of ~ 6 GHz with an FSR of ~ 5.23 nm while the add-drop structures had an extinction of ~ 10 dB and bandwidth of ~ 13 GHz. The predicted spectral parameters of the microring resonators match well with the measured results indicating the consistency in our fabrication and the high accuracy of our modeling. This work establishes the feasibility of compact and fully isotropic optical modulators in thin-film lithium niobate.
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